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By Donoven R. Heinle and Walter E. McNeill
SUMMARY

An investigation of the accuracy of a presently used method for
predicting the dynemic lateral oscillatory cheracteristics of airplanes
has been made. This study involved the comparison of controls-~fixed
flight-test data from several current fighter-type jet airplanes with
the calculated values of period and damping for these aslrplanes. These
calculations were made from geometric and mass characteristics and sero-
dynamic derivatives derived from geometric characteristics and wind-
tunnel data.

. For the airplanes included in this investigation, it was found that
the dynamic lateral oscilletory characteristics could be predicted with
reasonable accuracy by use of the geometric and mass characteristics and
static wind-tunnel datae. Where discrepancies dld exlist between experi-
mental and calculated data, they were attributable to control motion or
to parameter inaccuracies in the celculations. It was found that, for
alrplanes involving devistions from the conventional configurations,
special techniques for obtaining the dynamic derivatives such as dynamic
wind~tunnel tests are advisable.

INTRODUCTION

With the increasing complexity and cost of the modern airplane, it
becomes desirable to predict as far as possible in advance of 1ts com-

ﬁgletion approximately what the fiight stability charsascteristicse will be.

may be applied early in the development and construction of the airplane

altitudes end speeds experienced in recent years has made it an increas-
ingly greaster problem to produce aircraft that perform within the limits

UNCLASSIFIED -

THus eny expected deficlencies mey be noted and ThEIT Possibleé correction

t0o minimize time loss and expense. The extension of flight to the higher
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1 _of desirable-stabiIIty characteristics, sé-the prediction df'thes
| stability characteristic ,
\

The purpose of this investigation was to find if a currently used
method of calculstion of the lateral oscillation characteristies of en
airplane is sufficiently accurate. This study concentrated on the short
period oscillation, commonly referred to as the "Duteh roll" mode, and
did not include the investigation of snaking which might appear on scme
aircraft. The calculated values of period and time to damp to half
amplitude of the lateral oscillations (controls held fixed) were compared
with experimental flight-~test values to see how closely these motions
could be predicted. Any discrepancies which appeared between calculated
and experimental data were examlned for possible causes puch as aero-
elasticlity, unknown Mach number or altitude effects, serodynamic lag, or
incomplete derivative estimetion.

It was decided to concentrate, in this investlgation, on the smaller
fighter-type airplanes presently flying. At the beginning of the inves-
tigation published data were not complete on most of the aircraft.
Therefore, it became necessary to gather flight data from the manufec-
turers of the individual airplanes. In addition, wind-tunnel, geometric,
and mass data for the comparable configuration were requested. The
Tflight date used were obtained from tests conducted by the Armed Services,
by the manufacturer, and by the NACA. The wind-tunnel data with the
inertia and geometric characteristics were analyzed by a more or less
standerd calculation procedure.

The methodg of calculation and the results of this survey are
reported herein.

DESCRIPTION OF AIRPLANES

Geometric and mass characteristics and aerodynamic derivatives for
each airplane studied are listed in table 1 for two altlitudes and one
Mach number. Two-vliew silhouettes are presented in figure 1.

The sirplanes studied have Jet engines. Airplasnes A, D, E, F, and
H are twin engined, while the rest have single engines. As can be seen
in figure 1, the nine airplenes exhiblt a varlety of wing plan forms and
fuselage sghapes. Alrplanes A, C, D, and E have straight wing and taill
surfaces. The vertical stabilizer of airplane C has s swept-back leading
edge. Alrplane B hasg straight surfeces except for the horizontal tail,
which is swept back 35°. Airplanes F, G, and H have all surfaces swept
back approximately 35°. Airplane H is a semitaillless design having no
horizontal tail surfaces and with vertical surfaces on the wing. Air-
plane I has an inverse taper. wing swept back 40° at the midchord line.

W
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Its horizontal and vertical tail surfaces are swept back 40° and 33°,
regpectively. Ailrplanes A, B, and G have low wings; airplanes C and F
have low midwings; airplanes D, H, and I have midwings; and airplane E
has a high midwing. Six of the airplanes (A, C, F, G, H, and I) are
single-seat fighters; B, D, and E are two-seat night or all-weather
fighters., :

PROCEDURE

Data Compilation

The flight data avallable from reports by the Armed Services and
NACA were not sufficient to conduct an adequate survey. Consequently
the manufacturers of each airplane were contacted to obtain the neces-
sary information. The manufacturers were requested to furnish f£light
data of the type deslired and information on the mass and geometric char-
acteristics and wind-tunnel tests comparable to those of the test vehicle.
The wind-tunnel test results were available in reports (some unpublished)
from the NACA and other wind-tunnel facilities. The desired flight-test
information was reguested to be in the form of time histories of controls-
fixed lateral oscillations at seversl altitudes over a range of speeds.
These time histories were to furnish, more specifically, the periocd and
time to damp to half emplitude of the lateral oscillations.

The manufacturers furnished flight data togethér with static wind-
tunnel data snd geometric characteristics for airplenes A, C, D, E, F,
and H. Additional flight data were obtalned from Armed Services reports
for airplanes C and D. Wind-tunnel data and geometric characteristics
were furnished for airplanes B, G, and I by the manufscturers. Flight
data for airplane B came from Armed Services reports and for airplanes
G and I from NACA tests.

Calculations

‘ -

Appendix A presents a complete list of the symbols used in the cal-~
culations and the presentation of the deta. Figure 2 shows the system
of axes used for the calculations. The method of calculating the period,
P, and the time to damp to half amplitude, Tl/z: is outlined in detail in
appendix B. References 1 through 4 were used to estimste the rotary
stability derivatives, neglecting frequency effects (reference 5).
Reference 6 was used to estimate the effect of Mach number on the rotary
derivatives and the low-speed static stability derlvatives. The alrplane
was agsumed to be rigid (no aercelastic effects), and all controls were
assumed fixed. : '
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For additional methods of obtalning the lateral stability deriva-
tives, see reference T. ’

RESULTS
Compsrigon of the experimental and predicted values of period and
time to damp to half amplitude is shown- for each airplane in figures 3

through 11. The flight-teat data are- shown as individual points and
calculated data ere presented as curves. The altitudes range from
8,000 feet to 35,000 feet. It will be noted that some flight-test point
symbols are filled indicating controls-fixed data. This was done only
when it was definitely known by records or other means that the control
surfaces were fixed. Since-controls-fixed data had been requested for
this investigation, they were assumed controls-fixed (indicated by'the
half-filled symbols) unless definitely known to be otherwise, as proven
by control position records or by the method of test. If control move-
ment was indicated, the gymbols are open. S '

Most of the flight-test data available from the manufacturers had
been gethered incldentally to other tests rather than from testing spe-
cifically for controls-fixed lateral-oscillation characteristics. As a

result, the data available for some of the airplanes were rather incom-

plete.

No effort wes mede in this investigation to study snaking, a char-
ecteristic indicated by flight records of some of the alrplanes at high
altitudes. If the initial amplitude of the Dutch roll oscillation was
large enough, the value of Taiy2 "could be obtained and would be essen-
tially independent of the snaking. Otherwise, only the period was
recorded.

DISCUSSION

Based on the present and previous lateral stability,investigations,

it appearg that ability to predict controls-fixed period, P, and dampirg,
l/T1/2, to within about #20 percent is sufficlently accurate to be use-~ -

ful in the design of tactical aircraft. Consequently, this flgure will
be used to distinguish between satisfactory and unsatisfactory results
in the following presentation. .

Several factors determined this choice. It is doubtful that current

or future flyling-gualities reguirements involving lateral-oscillation
period and damping can define satisfactory and unsatisfactory behavior
to any greater accuracy than +20 percent. Experience has indicated
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{see reference 8, for example) that pilots generally do not discern or
react to changes in period and damping of much less than +20 percent.
Scatter in flight data can be attributed to smell variastions in speed
end altitude, recording inasccuracies, and errors or generalizations
involved in data reduction. It has been found that this scatter can be
held below 20 percent only in a carefully performed experiment.

In figures 12 and 13 are plotted the values of measured period and
damping (reciprocal of time to damp to half amplitude) sgainst the pre-
dicted values for each of the airplsnes. Also shown on these plots are
the lines of perfect agreement and 120 percent disagreement. Generally,
it may be seen in figure 12 that the pericd could be predicted with
reasonable accuracy. In figure 13, it may be noted that with the excep-
tion of airplanes B, E, and I, the prediction of damping was satisfactory.
The reasons for the poor correlation for these three airplanes will be
discussed later.

Airplasne A

It may be seen in figure 3 that for this airplane the correlation
between experimental and predicted period at 10,000 feet altitude and
time to damp to bhalf amplitude at 10,000 and 30,000 feet is good. The
comparison of experimental snd predicted period at 30,000 feet altitude,
however, shows poor agreement. A general increase of the predicted curve
by 30 percent would bring about good correlation. It is not known what
caused this disparity between the measured and predicted data at 30,000
feet altitude. Comparison with the data of the other airplanes included
herein of similar configuration shows that the measured period of air-
plane A increases by TO to 80 percent in going from 10,000 to 30,000 feet
altitude; while the measured values of period for the other airplanes
increase by only 40 to 50 percent. This fact might cause doubt of the
accuracy of the measured data except that the measured data available
appear to be repeatable. There is the possibility that & moving free
rudder could be the cause of the increase in pericd.

L J

Airplane B

The data available for airplene B were too sparse to provide a ready
means of comparison between the predicted and measured values of period
and demping. Tigures 12 and 13 indicate good ggreement among the values
of period but poor correlation among the damping velues. It will also be
noted (see fig. 4) that the damping decreases markedly in the low Mach
number range.
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At the time the calculations were made, wind-tunnel sideslip date
were not available for the complete airplane configuration tested in
flight. An increase of wing geametric dihedral to 7.0° for airplane B,
as compared with 3.6° for the preceding airplane of the series (for which
low=-gpeed wind-tuunel sideslip data were- available), accompanied by a
reduction in wing thickness, required that corrections be made to dihedral
effect, C;,, The low-speed values of CnB'and'CYb were taken directly
from the wind-tunnel data available and all rotary derivatives were com-
puted by the methods of appendix B. - Cooomm oo ’ T

The high dihedral effect of this airplane is the main cause of the
low demping present and is partly responsible for the poor correlation
between the predicted and measured damping.

Airplane C

The correlation for the period end the damping 1s good at the
10,000-foat altitude (fig. 5). Predicted and experimental values of
damping do not agree well at 30,000 feet. The measured values show
better damping than predicted. The scatter in the data is a little
larger than usual, vwhich could cause some of the discrepancy.

Airplane D

The data available for airplane D indicated good correlation (see
figs. 6, 12, and 13). The test data for. damping at 30,000 feet (not
shown) indicated considerable scatter and were considered unreliable for
comparison. Most of the flight-test data were obtalned with the stick
held fixed but with the rudder free. Small oscillations of .the rudder
which were present could possibly be responsible for the slightly higher
experimental times to damp to half amplitude as compared with predicted
values. The necessity of actually having the rudder. locked during flight
tests cannot be overstressed gince even small osclllations 1n proper
phaese allowed by cable stretch from locked controls can change the demp-
ing considerably (see reference 9, for examplé).

Airplane E -

The correlation of predicted and measured period of alrplane E is
generally satisfactory (figs. T, 12, and 13). The damping correlation
is not satisfactory. Figure 7 shows variatione in the experimental date
which accompanied the noted changes in configuration during the
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flight-test progrem. Thig airplene, as tested, was subject to snaking
oscillations so that some of. the flight data for damping were unsatis-
factory for comparison.

The desirability of obtaining more extensive dynamic wind-tunnel
date was demonstrated in the development testing of airplane E. When
the early flight tests indicated that the damping wes lower than pre-
dicted, a model was placed in the tunnel by the manufacturer for further
tests. This model was spindle mounted, permitting it to be oascillated
in yaw. Tests of this arrangement also gave less damping than predicted
from static wind-tunnel tests. Wake surveys subsequently mede in the
region of the tail showed that the fuselage was acting ss a lifting sur-
Tace in yaw, with vortices from the fuselage trailing near the tail.

The high position of the vertical tail, however, placed it only in the
upper part of this vortex flow, which is destabilizing, that is, it forti-
fies the side flow in the directlon in which the tail is moving. The
destabilizing effect of the vortices could be reduced by use of a lower
vertical tail position, an expensive problem in redesign after an air-
plane is built.

The above change in damping would be more properly termed Cné
than a change in Cnp, (see symbols, appendix A). In that case, the
total damping-in-yaw derivative should include the effects of both
Cpnp and Cné. In the calculations for airplane E, the results of which
are shown in figure T, Cn, Wwas modified to include the approximate
effect of Cné as indicaied in appendix B. This modification increased
the predicted values of time to damp to half amplitude by 38 to 89 per-
cent. Plotted in figure T are curves of time to damp to half amplitude
with Cny modified and Cpy, unmodified (dashed line) for one altitude
(8,000 feet). -

It would appesr then that care in estimating the rotary damping in
yaw must be exercised if accurate values sre to be computed, especially
if the static wind-tunnel tests indlicate the presence of large sidewash
variations at the vertical tail.

Airplane F

The majority of the flight-test points available for airplesne F
(fig. 8) were at 10,000 feet altitude. These indicate a slightly shorter
period and slightly longer time to damp to half amplitude than the cal-
culated values. Generally, there is good agreement between predicted
and measured values of period and damping for the three sltitudes shown
(see figs. 12 and 13). Some of the flight-test points for damping were
not plotted due to incomplete or too short time histories available.

iR
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Airplane G . '

Airplene G shows very good correlation between predicted and meag-
ured values of period (see fig. 12). Generally, the correlation of - T
damping is good {(fig. 13) with a few points falling outside the +20 per-
cent boundaries. Tt may be seen jin figure 9 that most of these points .
are at the limits of the scatter present. A more complete description Sl
of the correlation between predicted and measured lateral stability
characteristics for airplane G may be found in reference 10.

Alrplane H . -

The six experimental test points available for airplane E (fig. 10)
indicete falrly good agreément between the predicted and measured values
of period and damping. These few flight-test polnts, however, are too
sparse to provide a definite comparison. . ' . -

Alrplane T . .

Reference to figure 11 shows, for -airplane I, marginal agreement
between measured and calculeted values of period. The prediction of
time to damp tc half amplitude is poor. Preédicted values of the period
are somewhat lower than the flight results over the entire Mach number
range for the altitudes of 10,000, 20,000, and 30,000 feet, with a maxi-
mun disagreement of —20 percent. The predicted variasticon of Ty 2 With
Mach number is generally in poor agreement with experimentsl results,
and shows an over=-all decrease with increagsing Mach number much greater
than ig shown from flight tests. At 20,000 and 30,000 feet, the agree-
ment between measured and celculated damping le very poor, perticularly
in the low Mach number range tested at each altitude. At 30,000 feet,
for example, at a Mach number of 0.55, the calculated value of Tj; /s 18
approximately 100 percent greater than the experimental value. Because
of the umnsusal configuration of this airplane (swept, inverse-~tapered
wing, and short tail length), it 1s likely that present methods of com-
puting the rotary derivatives (Cn,, Cnpy, etc.) from static wind-tunnel
data and geometric characteristics are not applicable. Period and time -
to dasmp to half amplitude were recomputed for the range of Mach numbers oo
consldered at 10,000 feet, neglecting Cnp; The results of these cal-
culatione are pregented in figure 11 and show good agreement between
predicted and expé&rimental damping at the lower HMach numbers, indicating
that Cpnp wmay be much smaller in magnitude “throughout the 1ift coeffi-
cient range than was computed. Direct measurement of the rotary deriv- -
atives in curved- and rolling-flow stabllity tunnels would probably
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furnish data more reiiazble. for use in calculating the Jamping of this
airplane. . .

CONCLUDING REMARKS

Where a sufficient (encugh to show repeatability) number of good
flight~test points were available, the correlation of predicted and
meagured lateral-oscillation characteristics was usually satisfactory
for the smaller fighter-type Jet airplanes invesgtigated. 1In all cases
studied, the order of magnitude of the damping could be predicted. Im
general, the prediction accuracy with regard to the damping was much
greater for wellw-damped airplanes, indicating the error may be a given
uncertainty rather than a given percentage.

A configuration with which the designer is familiesr, such as one
having only slight changes from previous airplanes, may have its latersl
characteristics calculated fairly accurately by this method. However,

a radical change in a model or & new configuration makes more extensive
wind-tunnel tests highly desirable and in many cases necessary. These
tests should include at least determination of Cnr and Cng as well as-
the usual static daeta. Good experimental values of the other rotary
derivatives are also desirable.

Ames Aeronasutical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif.
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APPERDIX A

SYMBOIS

The stability system of axes used in this investigation 1s deflined
as an orthogonal system having its origin at the center of gravity and
in which the X axis extends along the flight path, the Z axis is in the
plane of symmetry and perpendicular to the X axis, and the Y axis 1s
perpendicular toc the plane of symmetry. See figure 2,

b wing spen, feet
1w wing incidence, degrees
A distance of center of pressure of vertical tail aft of the
Z axis, feet
m mass, slugs
P rolling angular velocity about the X axis, radlans per second
q dynamic pressure ( %pvz ) , pounds per square foot
r yYawing angular veloclty about the Z axis, radlans per second
t time, seconds
Z distance of center of pressure of vertical tail from X axis,

positive when center of pressure 1s sbove X axis, feet
rolling moment about X axis, foot—pounds
Mach number

yawlng moment gbout Z axis, foot—pounds

H =2 =2

period, seconds

6]

wing area, square feet

1/ time for amplitude of oscillation to decrease by one-half, seconds

velocity, feet per second’

welght, pounds

H = < H

lateral force along Y axis, pounds

R

~
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angle of attack of fuselage reference line, degrees

angle of sideslip, radlsans

aengle hetween flight path and horizontal, degrees

engle between reference axls and principal longitudinal axis,
positive when the reference axis is above the principal axis
at the nose, degrees

inclination of the principal longitudinal axis of the airplane

wlth respect to the f£light path, posltive when the principal
axlis is above the flight path at the nose, degrees

relative density factor (._m,_)
pSh
mass density of alr, slugs per cublc foot
sidewash angle, positive for positive side force, radians

engle of bank, radisns

angle of yaw, radlans

1ift coefficient (%)
' Q

rolling—moment coefficient <—é’—_g
@

yawlng-moment coefficlient <Eg-_5—>

latersl—-force éoefficien‘t (%—)

3¢,
38

11
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S(pb/2V)

oCy
3(pb/2v)

3¢,
d(rb/ov)

3¢,
d3(rb/2v)

BCY
3 (b /2v)

radius of gyration in roll about principal longitudinal axis, feet

radius of gyration in ysw sbout principal vertical axis, feet

o

b

kg
b

nondimensional radius of gyration sbout longitudinal stability

axis (;/Kxoa cos® n + Kz 2 sin® 7 )

nondimensional radius of gyration sbout vertical steability

axis (,/KZOE‘ cos2 n + Kx 2 sin2 7 .)

nondimensional product—of—inertla parameter

[(&; 2 — Kz ?) cos q 8in 1]
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APPENDIX B
CALCULATTON METHDDS

In meking the celculations of this investigation, the airplane was
treated as a rigid body and velues of period and damping were Ffound by
use of the following three linearized nondimensional equations of let—
eral motion referred o the stability system of axes:

Roll
R 2
(&KIZDZ—%% C2p D) ® + (mxxznz -%% Cope D) ¥ — (%) Cig B =0

Yew

_ _ 2
<21’~sz]32—%%0111) D>(P+<2¥‘Kz232—-;'-%cnr D) ‘I’—(%) Cng B =0

[

Sideforce

—%CYPD—%CIDW [(au —%CYI»)D-%CI. ten 7] w+<am-%cYB)s=o

[

where .

By use of thess equations the stsbility quartic was obbtalned. This
was solved by synthetic division to obtain values of the period and time
to damp to half amplitude as follows:

o ~0.693

P = Ti/fz = 2

where a and b are the real and imsginary parts of the complex roots,
respectively. The data to ascertaln the coefficlents of these equations
were supplied pertially by the menufacturers concerned amnd partially by
normal methods of computation from basic data. The .welght and mass datsa
were obtained fram the manufacturers together with values of the static
lateral stability derivatives (C 1g’ GnB, CYB) which had come from

winé.—tunnel teste of the model most closely representing the airplane

8

N
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upon which flight tests were made. The rotary or dynamic derivatives
were obtained by NACA methods of calculation {outlined herein) using the
static derivatives and the alrplane geometric characteristics as & base.
The derivatives could be approximated by consldering the geomstric
theory alone, but the results of wind—tunnel tests provide more accurate
data to use. Recent wind—tunnel tests using rotary balances or curved
or rolling flow have been successful in providing empirical date useful
for specific configurations.

For these calculatlions no attempt was made to Ilnclude a fuselage
effect. It 1= usually comsidered negligible for conventionsl alrplanes.
Therefore, the comtributions of the wing and the vertical and horizontal
talls to the various derivatlves were obtalned and then algebraicelly
added. Generally, the equations of reference 1 modified for Mach number
effects by the methods of reference 6 were found to give reascnable
regults for the wing contribution,

Demping in Roll, C Ip

The values of both the wing and bhorizontal taill conbtributioms
to Cz.p were obtalned by the methods of reference 2. The charts pre—

sented in that reference provided a rapid means of estimation for wide
ranges of aspect ratlios, teper ratios, and positive and negetlive sweep
angles,

The vertical tall contribution to C7,:p as well as CnP and CYP
was estimated by the equations presented in reference U as follows:

Z

' = z -1 z -1 - 00
Czpt CYBt (‘b cos a ¥ sin G.)I:E (b cos o 3 sin cx.) W]

Tn this equation, d0/d(pb/2V) is termed the "sidewash factor."
Values of this factor found to apply over a moderste range of angles of
attack and for wings with and without sweep and a further discussion may
be found in reference 3. GCenerally, 1t was found that the introduction
of this sidewash factor served to reduce the vertical tall contribution
so that C7,P for the total airplane could be approximated by the value

of CZP for the wing alone. Values of CYB in this smd the following
£ .
equations were cbtained from wind—tunnel data.
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Yawing Moment Due to Rolling, CnP

The contribution of the wing to Cnp was determined by the methods

of reference 1. These values were further corrected for Mach number
effects by equation (3) of reference 6. The horizontal tail contribution
was considered negligible. The vertical tail contribution was determined
by the following equation from reference k:

1

= z 1 z _1 -
Cn'Pt _CYﬁt<'b gin a + X cos ot.) [2<'b cos o 5 sin o:.) WE_VT:]

Side Force Due to Rolling, Cyp

The side force due to roll of the wing is dependent upon the sweep.
Straight wings are essumed to have no, or negliglble, slde force due to
roll. Swept wings do coniribute a value to this derivative, Values for
the wing were obtained from the methods of references 1L and 6; the hori—
zontal tail was neglected. The following equation of reference L was
used to estimate CYP due to the vertical tail:

= Z o - -
Cyp, C'Y_Bt [:2 (’b cos.o — £ sin o;) ﬁm ]

In the calculations for several of the airplanes included bherein,
values of Cyp and Cy. were not calculated or used since they have a

negligible effect on the period and damping.

Rolling Moment Due to Yawing, Cz,.

The horizontal tall was neglected in obtaining the yawing dynemic
derivatives. The contribution of the wing to C3z,. was cbtained by means

of references 1 and 6. The vertical taill combtribution was obtained by
the following formila (reference 11):

= I3 Z 1

e
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Damping in Yaw, Coy

No Mach nunber correction was applied to the values of Cp,. for
the wing as obtalned from reference 1. The vertical tall contribution
to Cp, was obtained by the following formule (reference 11):

= o/ 1@
Cnrt"‘?(E') GYBt

As noted in the discussion, the damping of alrplane ¥ was found to
be less than that calculated by use of static wind-—tunnel data. Conse—
quently, for the study of this airplasne, the calculated value of Cnyp

for the total airplame, at a given Mach mmber and Cj, was reduced In
megnitude by en amount equal to the difference between Cny as calcu—
lated ard Cnr_b as obta:}ned,—i’h the wind—tunnel tests of the splindle—
mounted model of airplame E. The difference between Cnrt as calcu—
lated and as measured in the wind tunnel is approximately egual to Cnﬁ-
These modified values of Cnr were used to cbtain the predlcted curves
of figure 7.

Side Force Due to Yawing, CYr

The wing contribution to Cy. was obtained by the method of refer—
ence 1 with no Mach number correction., Vertical tail values of Cy,
(reference 11) were cbtained by:

1
CYr S—EFCYB't

t

It should be noted that the success of these calculations in pro—
ducing good values of the rotary derivatives is dependent upon accurate

static wind—tunnel data.
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Figure |.— Two-view silhoueltes of the nine airplanes investigaled.
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Wind direction

Azimuth reference

Figure 2.—System of axes and angles used in calculations. Arrows
indicate positive values of forces, moments, and angles.
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